A quantitative trait locus (QTL) for uterine capacity is located on chromosome 8. Comparison of porcine and human genetic maps suggested that the estrogen sulfotransferase (STE) gene may be located near this region. The objectives of this study were to clone the full coding region for STE, compare endometrial STE gene expression between Meishan and White composite pigs during early pregnancy, and map the STE gene. We obtained a clone (1886 bp) containing the full coding region of STE by iterative screening of an expressed sequence tag library. Endometrial STE mRNA expression in White composite gilts was determined by Northern blotting on days 10, 13, and 15 of the estrous cycle; and on days 10, 13, 15, 20, 30, and 40 of pregnancy. STE mRNA expression was elevated (P < 0.01) on days 20 and 30 of pregnancy compared to other days of the cycle or pregnancy. Endometrial STE mRNA expression during early pregnancy, determined using real-time RT-PCR, was elevated (P < 0.01) on day 20 compared to day 15, decreased (P = 0.02) between days 20 and 30, and decreased further (P < 0.01) between days 30 and 40 in both Meishan and White composite pigs. Expression of STE mRNA was greater (P = 0.01) in White composite pigs compared to Meishan pigs. Using a microsatellite from an STE containing BAC genomic clone, the STE gene was mapped to 65 centimorgans on chromosome 8. Because STE mRNA expression differs between Meishan and White composite pigs, the STE gene may be a candidate for the uterine capacity QTL.
Introduction
Estrogen sulfotransferase (STE) catalyzes the addition of sulfate to estrone and estradiol, rendering them both water soluble and inactive. This reaction is thought to play a major role in the control of estrogen levels in target tissues [1] . Porcine endometrial STE (31 kDa) has been isolated from secretory endometrium [2] . In cyclic gilts, uterine STE activity increases during the luteal phase of the cycle [3] . In pregnant sows, endometrial STE activity is elevated during early pregnancy (days 12-28) and declines after day 30 [4] . Elevated endometrial STE activity may contribute to the rise of estrone sulfate in the plasma between days 23 and 30 in pregnant gilts [5] . Measurable quantities of unconjugated estrone and estradiol-17␤ first appear at days 70-80 of pregnancy and rise to a peak at the time of parturition, and this pattern is followed closely by estrone sulfate [5] . Progesterone treatment induces uterine STE activity in endometrial cultures after estradiol priming [6] . These results indicate that STE has the potential to influence estradiol metabolism in the uterus and, thus, may play a role in regulating the concentrations of unconjugated and sulfated estrogens during early pregnancy. The concentration of active estrogen in the uterine environment during early pregnancy may be important for endometrial function and placental development.
Uterine capacity is one component contributing to litter size in swine [7] . A quantitative trait locus (QTL) for uterine capacity has been identified in a population of half Meishan and half White composite gilts on the long arm of chromosome 8 near 71 centimorgans (cM; 95% confidence interval 53-107 cM) [8] . The effect of substituting a Meishan allele for a White composite allele on uterine capacity was estimated to be approximately 2 pigs per litter [8] . Comparison of pig and human genetic maps indicates that the QTL region is close to the likely location of the STE gene. Thus, because of its location and its potential effect on endometrial function, we selected the STE gene as a candidate for the previously reported uterine capacity QTL.
The full coding region for the STE cDNA sequences of human liver [9] , human placenta [10] , bovine placenta [11] , rat liver [12] , and guinea pig adrenal cortex [13] are known. However, the entire coding sequence of porcine endometrial STE cDNA has not been reported. To determine whether the STE gene may account for the effect of the uterine capacity QTL, the objectives of this study were to clone the full coding region for STE, examine the pattern of STE mRNA expression in endometrium collected from White composite and Meishan pigs, and map the STE gene in the porcine genome.
Materials and methods

Isolation of porcine STE cDNAs
Endometrium collected on day 30 of pregnancy from White composite female pigs was snap frozen in liquid nitrogen. Total RNA was isolated from endometrium using the RNeasy kit (Qiagen, Santa Clarita, CA). To obtain a partial cDNA clone of STE, 2 g of total RNA was used for reverse-transcription (RT) with reverse primer 2 in a reaction volume of 20 L, and then 1 L of the resultant product was amplified with all possible pairs of the forward (1-3) and reverse primers (1 and 2) indicated in Table 1 . Primer design was based on the known bovine cDNA sequence (GenBank Acc. M54942) [11] . Amplification with forward primer 3 and reverse primer 1 resulted in a 497 bp PCR product as expected. This product was cloned into pCRII vector (Invitrogen, Carlsbad, CA) and sequenced. Primers based on the resulting sequence were then used to screen the "Meat Animal Research Center (MARC) 2 PIG" porcine expressed sequence tag (EST) library (Fahrenkrug et al., 2002) by PCR. The MARC 2 PIG EST library was derived from reproductive tissues that included ovary, pituitary, and hypothalamus from White composite sows; placenta and endometrium from Landrace X Yorkshire crossbred gilts; and testes from Meishan X White composite crossbred boars. Iterative screening of the EST library revealed a clone (1886 bp) containing the full length coding sequence of STE cDNA. This clone was sequenced in both directions using vector primers that were specific to the SP6 and T7 RNA polymerase binding sites; specific primers based on the initial clone (F2, F3, R1, and R3); and by primer walking (Table 1) . Sequence identity and alignment were determined using the GAP procedure of the GCG sequence analysis package (Madison, WI), pairwise BLAST (NCBI), or ALIGN X procedure of Vector NTI Suite 7.0 (InforMax, Inc., Bethesda, MD).
STE mRNA expression in White composite gilts measured by Northern blotting
Northern blot analysis was performed using 30 g of total RNA from endometrium of days 10, 13, and 15 cyclic gilts and days 10, 13, 15, 20, 30 , and 40 pregnant White composite gilts (n = 3-4 gilts per day) as described previously [14, 15] . Total RNA was electrophoresed in 1.5% agarose gels prepared in MOPS (3-[N-morpholino] propane-sulfonic acid)/formaldehyde buffer, and the gels were then blotted onto Hybond-N nylon membrane (Amersham Life Science, Buckinghamshire, England). Integrity of RNA and equal gel loading were assessed visually using ethidium bromide stained 18S ribosomal RNA bands. The 1886 bp STE cDNA clone obtained from the EST library was linearized by EcoRV digestion and used as a template to generate radiolabeled RNA probe. Radiolabeled RNA probe was generated with T7 RNA polymerase using the MAXIscript kit (Ambion, Austin, TX) in the presence of [ 32 P]UTP. Membranes were prehybridized for 30 min in ULTRAhyb (Ambion, Austin, TX). Then 1 × 10 6 cpm/mL of radiolabeled probe was added, and blots were hybridized at 68
• C overnight. The membranes were washed once with 2× SSC, 0.1% SDS at 68
• C, once with 0.1× SSC, 0.1% SDS at 68
• C, and then subjected to autoradiography.
STE mRNA expression in White composite and Meishan pigs measured by real-time RT-PCR
Endometrium was collected on days 15, 20, 30, and 40 of pregnancy from Meishan or White composite pigs (gilts and sows) and total RNA was isolated from endometrium using cesium chloride gradient purification. Real-time RT-PCR was performed using 100 ng of total RNA (n = 5-6 pigs per day) with an ABI Prism 7700 (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol. To standardize the procedure, 25, 50, 100, 200, and 400 ng of total RNA from endometrium collected on day 60 of pregnancy was measured for GAPDH and STE mRNA within each assay. TaqMan fluorescent probes for GAPDH and STE were labeled with 6-carboxy-4,7,2 ,7 -tetrachloro-fluorescein (TET) and 6-carboxy-fluorescein (FAM), respectively and were used to detect the respective mRNAs. Standard curves were calculated for each mRNA arbitrarily setting 25, 50, 100, 200, and 400 ng for each mRNA as 1, 2, 4, 8, and 16 units, respectively. The linear relationship between the log of the arbitrary units and the threshold cycle (the cycle at which fluorescence could first be detected) was calculated using regression analysis, as suggested by the kit instructions. Threshold cycles for each unknown sample (performed in duplicate) were then used to determine the number of arbitrary units based on the standard curve. STE primers were designed based on the porcine STE clone sequence and the primers are indicated in Table 1 . Primers specific for porcine glyceraldehyde-3-phosphate dehydrogenase (GAPDH, GenBank Acc. AFO 17079) were used to measure GAPDH mRNA and the results were included as a covariate in subsequent analysis to correct for differences in RNA sample dilutions. Thermal cycling conditions were 48
• C for 30 min and 95
• C for 10 min, followed by 40 cycles of 95
• C for 15 s and 60
• C for 1 min.
Statistical analysis
Relative expression of STE mRNA was determined by densitometry of Northern blots and results were analyzed by ANOVA using the General Linear Models procedure of the statistical analysis system (SAS Institute, Inc., Cary, NC). The model included effects of status, day of the cycle or pregnancy, and the status-by-day interaction. However, no effect of status (pregnant versus cyclic) or status-by-day interaction was obtained. Therefore, data from pregnant and cyclic gilts were combined within each day for days 10, 13, and 15, and day effects were evaluated using the following set of orthogonal contrasts: (1) day 10 versus day 13; (2) days 10 and 13 combined versus day 15; (3) day 20 versus day 30; (4) days 10, 13, and 15 combined versus day 40; and (5) days 20 and 30 combined versus days 10, 13, 15, and 40 combined.
Expression of STE mRNA determined by real-time RT-PCR was analyzed by the General Linear Models procedure of the statistical analysis system (SAS Institute, Inc., Cary, NC) after log transformation to decrease heterogeneity of variance between breed-day combinations. In addition, log transformed STE mRNA data were analyzed after correction using the units of GAPDH mRNA as a covariate. The model included effects of day, breed, assay, and the day-by-breed interaction.
Mapping
The RPCI-44 Male Porcine bacterial artificial chromosome (BAC) genomic library (BAC-PAC Resources, Buffalo, NY) was screened using a 1660 bp cDNA probe (84-1743 bp) generated by PCR amplification using forward primer 4 and reverse primer 4 (Table 1 ) and with the full coding STE cDNA clone obtained from the EST library as a template. A positive BAC clone (76A5) was digested with Sau3AI for 3 h, and the fragments were then treated with calf intestinal alkaline phosphatase for 30 min. Digested and dephosphorylated DNA fragments were precipitated, reconstituted with sterile water, and subcloned into SK vector previously digested with BamHI. Colonies were replicated onto membranes and then screened for microsatellites using a (GT) 14 oligonucleotide probe. GT probe was endlabeled with [␥ 32 P]dATP and the membranes were hybridized with Rapid-hyb (Ambion, Austin, TX) containing 1 × 10 6 cpm/mL of radiolabeled probe at 58
• C overnight. Membranes were washed once with 2× SSC, 0.1% SDS at 42
• C, and once with 0.1× SSC, 0.1% SDS at 58
• C for 15 min, and were then exposed to film. A positive clone containing a microsatellite (SB71; GenBank Acc. AF406989) was sequenced using M13 vector primers. The size of the repeat region was 22 dinucleotide repeats. A pair of primers (Table 1) specific to the microsatellite marker were designed to amplify the region. Primers were used to amplify genomic DNAs collected from the MARC swine reference population [16] . Data were analyzed using CRI-MAP [17] .
Results
Isolation and characterization of porcine STE cDNA
The full coding region for the porcine STE cDNA and the predicted amino acid sequence for putative porcine STE cDNA (GenBank Acc. AF389855) are shown in Fig. 1 . The STE cDNA contained 1886 bp with a coding sequence of 885 bp that encodes 295 amino acids. Compared to the nucleotide sequence of porcine STE, the bovine [11] , human [9] , and rat [12] STE were 88, 84, and 76% identical, respectively. The 5 and 3 , untranslated regions (UTR) of the porcine STE cDNA were 273 and 725 bp, respectively. The size of the porcine 5 (273 bp) UTR was longer than that of the previously reported bovine placenta STE cDNA (212 bp) [11] . Sequence identity for a small region of the 5 UTR of porcine (1-64 bp) and bovine (129-191 bp) STE cDNAs was 84%. The 3 UTR of the porcine STE cDNA contained a polyA tail indicating that it was complete. The sequence identity of the 3 UTR of porcine STE with that of bovine STE was 74%. Five ATTTA sequences, a motif previously reported to increase the degradation of mRNA [18] , were located in the 3 UTR of pig STE cDNA (Fig. 1 ). There were several conserved regions in the 3 UTR that were 100% identical between porcine and bovine sequences (Fig. 2) , including two ATTTA sequences, a 32 and a 28 bp region.
The amino acid sequence of porcine STE was 83, 73, and 69% identical to the bovine [11] , human [9] , and rat [12] STE, respectively. Potential N-glycosylation sites occurred at amino acid residues 2, 235, and 239 (Fig. 1) . Potential N-glycosylation sites at 235 and 239 are conserved in bovine [11] and human sequences [9] , however only the potential N-glycosylation site at 239 is conserved in the rat [12] . Alignment of the encoded amino acid sequences of porcine, bovine, human, and rat STE indicated several highly conserved regions (Fig. 3) . Region I, located near the amino terminus, contained the consensus sequence YPKSCTxW (AA 46-53). This consensus sequence is identical in the pig, bovine, and human, but contained one mismatch in the rat. Region IV, located near the carboxyl terminus, contained the consensus sequence RKGxxGDWKNxTF (AA 257-269) again with one mismatch in the rat. Finally another conserved region (AA 226-240) was located between regions III and IV. Porcine, bovine, and human sequences were identical in this region, but there was again one mismatch in the rat.
Expression of the STE gene in the endometrium
Least-square means of densitometry units (±standard error means) for STE mRNA in endometrium during the estrous cycle and pregnancy in White composite gilts are illustrated in Fig. 4 . A representative autoradiograph of a Northern blot of endometrial total RNA probed with 32 P-labeled STE cRNA along with an ethidium bromide stained gel showing the matching 18S ribosomal RNA bands is also illustrated (Fig. 4) . The size of the porcine STE mRNA, determined using 18S and 28S RNA bands as references, was approximately 2.6 kb. There were no significant differences in STE mRNA expression in the endometrium of days 10, 13, and 15 pregnant and cyclic gilts. Although STE mRNA expression on day 13 of pregnancy appeared to be elevated, it was not significantly higher than cyclic gilts. This was primarily because only one of four pregnant gilts on day 13 had elevated STE mRNA expression (not shown). STE mRNA expression in the endometrium increased significantly (P < 0.01) from days 15 to 20, remained elevated on day 30, and decreased significantly (P < 0.01) from days 30 to 40.
Analysis of real-time RT-PCR data indicated that there were significant day (P < 0.01) and breed (P = 0.01) effects. One Meishan pig on day 30 of pregnancy had an unusually high level (708 units) of STE mRNA and was eliminated from the analysis as an outlier. STE mRNA expression in the endometrium of both Meishan and White composite pigs increased (P < 0.01) from days 15 to 20, decreased (P = 0.02) between days 20 and 30, and decreased further (P < 0.01) from days 30 to 40 (Fig. 5) . STE mRNA expression was higher in White composite pigs than Meishan pigs throughout the days measured. 
Mapping of the STE gene
Amplification of the genomic DNA from the MARC pig reference population [16] using primers based on a microsatellite marker developed from a BAC containing the porcine STE gene revealed six alleles (including one null allele, not amplified) for SB71. Allele assignments were made for 130 meioses and resulted in a maximum logarithm of odds ratio (LOD) score of 36.12, based on the segregation of the alleles observed. The STE gene was assigned to chromosome 8 based on two-point analysis and mapped to position 65 cM on chromosome 8 after multi-point analysis.
Discussion
This is the first report of the full coding region of porcine STE cDNA. The amino acid sequence of porcine STE more closely resembles bovine STE than human or rat STE. Expression of STE mRNA in the endometrium was elevated (P < 0.01) on day 20 of pregnancy compared to day 15. STE mRNA expression was higher (P < 0.01) in White composite pigs than Meishan pigs from days 15 through 40. Finally, the STE gene was mapped to 65 cM on chromosome 8, which is within the previously identified uterine capacity QTL [8] .
The porcine STE mRNA observed by Northern blotting (2.6 kb) is larger than the cDNA (1886 bp) determined by sequencing. This discrepancy could be due to either 5 or 3 UTR sequences that have not been identified. However, the porcine and bovine (1812 bp) STE cDNAs are similar in size and Northern blotting indicated that bovine STE mRNA was a single transcript estimated to be between 1.5-3.0 kb [11] .
The porcine 5 (273 bp) and 3 (725 bp) UTR were similar in size to the bovine placental STE cDNA (212 and 712 bp, respectively) [11] . The lack of homology in most of the 5 UTR (65-273 bp in the pig) between the porcine and the bovine could be due to insertions or differential splicing in either species. In the human, the 5 and 3 UTR sequences of liver STE cDNA [9] reportedly contain only 106 and 55 bp, respectively. Thus, the larger 5 UTR of the porcine and bovine sequences may contain regulatory components that are lacking in the human STE cDNA sequence.
There were three potential polyadenylation signals (ATTAAA) at 1186, 1578, and 1589 bp in the pig STE cDNA sequence (Fig. 1) , which suggests the possibility of alternative polyadenylation signals. The ACTAAA sequence located 15 bp upstream from the polyA tail is likely an actual polyadenylation signal for the porcine STE cDNA (Fig. 1) . Potential polyadenylation signals (AATAAA and ATTAAA) are present in the bovine placental STE cDNA at 1124, 1516 and 1798 bp [11] . The first and third putative polyadenylation signals of porcine STE cDNA (Fig. 2) correspond to the positions of putative polyadenylation signals in the bovine. Previous reports suggesting different 3 UTR for human STE support the possibility of alternative polyadenylation sites in the pig and bovine. The 3 UTR of the human liver STE cDNA contained only 72 bp [9] with an ATTAAA sequence located 19 bp upstream of the polyA tail. This ATTAAA is conserved in porcine and bovine sequences (Fig. 2) . A human STE cDNA from fetal liver and spleen (GenBank Acc. U55764) contained a partial coding sequence and an 801 bp 3 UTR, thus both are likely products of the same gene. The overlapping portions of the cDNAs from the two reports were identical. Furthermore, two mRNA transcripts of 1.4 and 1.8 kb were detected in the adrenal gland of guinea pig [13] . Whether alternative forms of porcine STE cDNA will be obtained from other tissues requires further investigation.
The presence of ATTTA sequences or AT-rich regions in the 3 UTR of cDNAs can render mRNA less stable [18] . Out of five ATTTA sequences in the 3 UTR of porcine STE cDNA, the first and the fourth ATTTA sequences were conserved between the porcine and bovine sequences (Fig. 2) . A 40 bp AT-rich region (36 AT and 4 C) and a 45 bp AT-rich region (38 AT and 7 GC) are present in the 3 UTR of porcine STE cDNA (Figs. 1 and 2) . As polyadenylation at the first potential site would result in a shorter 3 UTR lacking these sequences, the choice of polyadenylation site could alter susceptibility of STE mRNA to degradation.
The four conserved regions of sulfotransferase (ST) enzymes are present throughout phylogeny [20] . The consensus sequences YPKSGTxW (AA 46-53) of region I near the amino terminus and RKGxxGDWKNxFT (AA 257-269) of region IV near the carboxyl terminus were speculated to be involved in the binding of 3 -phosphoadenosine-5 -phosphosulfate (PAPS), a cosubstrate for the ST reaction of STE and other ST enzymes [19] . A highly conserved 35-AA region spanning from SPROV to YYFFL corresponds to region II [20] with the consensus sequence RNx(K,R)DxxVSx(Y,W)x(F,L), which is important for catalytic activity [21] .
Functional significance of region III (AA 162-197) has not been well characterized. A highly conserved 15-AA region (HTSFQEMKNNPSTNY in Fig. 3 ) between the regions III and IV has not been reported previously. Potentially, any polymorphisms occurring within functionally important regions may affect STE activity and thus change estrogen levels in the endometrium.
Expression of STE mRNA in the endometrium of pregnant White composite pigs measured by Northern blotting increased significantly (P < 0.01) from days 15 to 20, remained elevated on day 30, and decreased significantly (P < 0.01) from days 30 to 40. Although STE mRNA appeared elevated on day 13 of pregnancy in White composite gilts (Fig. 4) , STE mRNA expression was not significantly higher than in cyclic gilts. The pattern of STE mRNA expression determined by real-time RT-PCR was similar to that determined by Northern blot analysis, except that day 30 was somewhat lower than day 20 (Figs. 4 and 5) . The significant breed effect (P = 0.01) between Meishan and White composite pigs in STE mRNA expression suggests that STE remains a strong candidate for the previously reported QTL. Polymorphisms that influence STE gene expression may influence uterine capacity, and this possibility requires further investigation.
Expression of STE mRNA from days 10 to 40 reported here are generally in agreement with the elevated STE activity previously observed during early pregnancy in sows [4] , in that STE activity decreases dramatically after day 30. Our data also agree with a report showing that measurable quantities of estrone sulfate were present in the maternal plasma at day 16, but not at day 9; rose to a peak between days 23 and 30; and fell on day 46 [5] . The estrone sulfate between days 23 and 30 was thought to be synthesized and secreted by the conceptus [5] . Our data suggest that the endometrium may contribute to the rise in estrone sulfate in maternal plasma. High levels of conjugated estrogens during early pregnancy [5] may be due to high STE and low estrogen sulphatase activities in the endometrium [4] . Unconjugated estrogens subsequently rise to a peak at the time of parturition followed closely by estrone sulfate [5] , which does not correlate with the low STE and high estrogen sulphatase activities in the endometrium [4] . One function of STE in the endometrium during pregnancy may be to regulate the tissue responses to placental estrogen. The increase in STE on days 20 and 30 corresponds to the peak in placental estrogen secretion that occurs on day 30 of pregnancy [22] . It has been suggested that the dramatic changes in the secretion of proteins, such as uteroferrin and retinol binding protein [23] , may be controlled by the ratio of progesterone to active estrogen present in the endometrium [24] . Thus, the increase in STE on days 20 and 30 may alter the ratio of progesterone to estrogen present in the endometrium, affecting protein secretion. The rate of protein secretion likely affects conceptus growth and development. In addition, it has also been reported that uterine blood flow increased dramatically around this time [25] , suggesting that estrogens may be involved in blood flow increases. Thus, STE activity could regulate numerous aspects of uterine and conceptus physiology and thus influence uterine capacity.
In conclusion, the full coding sequence for porcine STE mRNA is reported. STE gene expression by the endometrium of pregnant gilts suggests that STE may play a role in modulating the effect of estrogen on the endometrium or other tissues during early pregnancy in the pig. The significant breed effect in STE mRNA expression between Meishan and White composite pigs suggests that they may differ in modulating the effect of estrogen on the endometrium, thus affecting uterine capacity. The position of the STE gene in the swine genome and the difference in STE gene expression in Meishan compared to White composite gilts both suggest that the STE gene is a strong candidate for the uterine capacity QTL in swine.
